Abstract Aim: Limited data are available about the use of Doppler myocardial imaging (DMI) in small animals. We intend to provide reference values for velocity, strain and strain rate in a large group of healthy rats and studied the reproducibility and repeatability of these parameters. Methods and results: A total of 33 male Wistar rats (503 AE 41 g) underwent baseline transthoracic echocardiography with DMI of the anterior and inferior wall in a shortaxis view using a 13 MHz linear probe. Adequate tissue Doppler measurements could be obtained in 30 rats. On average 10 AE 4 consecutive cycles were studied in postprocessing using dedicated software (SPEQLE). Mean radial peak systolic velocity, strain and strain rate were respectively ÿ0.8 AE 0.3 cm/s, 38 AE 8% and 9.1 AE 2.0/s in the anterior wall and 3.1 AE 0.6 cm/s, 49 AE 10% and 13.7 AE 3.7/s in the inferior wall. The reproducibility and repeatability of the DMI measurements assessed in 10 rats was good. Conclusion: DMI is feasible and reproducible in healthy rats. Establishing reference values opens new perspectives towards the use of strain and strain rate imaging in small rodents in the assessment of myocardial diseases.
Introduction
Transthoracic echocardiography has been established as a safe and reliable non-invasive technique to assess cardiac anatomy and function in a large series of species.
In humans and large animals Doppler myocardial imaging (DMI) can be used to quantify regional myocardial function accurately and more objectively. 1e5 Application of this non-invasive tool in small animals is challenging because of the small heart size and fast heart rate. New ultrasound technologies have been developed with increasing resolution capacities resulting in good image quality in small animals.
Very recently the feasibility of measuring myocardial velocity and deformation parameters was demonstrated in small groups of mice and rats. 6, 7 The purpose of our study was, by studying a large group healthy rat, to provide reference values for myocardial velocity, strain and strain rate. The reproducibility and repeatability of these parameters was tested.
Methods Animals
A total of 33 adult male Wistar rats (22e24 weeks old, weight 503 AE 41 g) were studied. The study was conforming to the guidelines of the American Heart association on research animal use. The animal research committee of our institution approved the study protocol.
Anesthesia protocol
Rats were anesthetized with pentobarbital 50 mg/ kg administered intraperitoneally after short gas anesthesia with isoflurane 2%. To avoid a negative effect of isoflurane on cardiac function, image acquiring was started half an hour after induction with this anesthetic gas. 8 
Echocardiogram protocol
All rats received baseline echocardiograms under controlled anesthesia and spontaneous respiration, using a Vivid 7 (GE VingMed, Horten, Norway) with a linear 13 MHz probe (i13L). The anterior chest hair was removed using a shaver and the rats were positioned in left lateral decubitus on a wooden bench (Fig. 1 ). Recordings were made under continuous ECG monitoring by fixing the electrodes on the limbs.
Grey scale imaging
Grey scale images were recorded in a parasternal short axis view at a depth of 2 cm. M-Mode tracings were recorded at the level of the papillary muscles at a speed of 200 mm/s. Measurements were done offline using EchoPAC PC (GE Vingmed, version 3.1.3). Left ventricular (LV) dimensions were measured from three consecutive cardiac cycles on the M-Mode tracings. The Teichholz formula was used to calculate LV volumes: Pi*D 3 /6a (D ¼ diameter of the ventricle in short axis view; a ¼ ellipticity factor. An ellipticity factor of 1/3 was used, assuming that L ¼ 3D (L ¼ total length of the ellipse). LVEF was calculated as LV end-diastolic volume e LV end-systolic volume/LV end-diastolic volume and expressed in %.
Doppler myocardial imaging
Color Doppler myocardial images were recorded in a parasternal short axis view at the mid-ventricular level at a depth of 2 cm. The tissue Doppler frequency was 6.4 MHz. The nyquist limit was set as low as possible avoiding aliasing. High frame rate was obtained by reducing beam width. All measurements were performed offline using dedicated software (SPEQLE). Strain rate was calculated from the spatial derivative of the myocardial velocities over the computation area. Natural strain profiles were obtained by time integrating the strain rate profile. Lateral averaging of 3 to 5 beams/pixels was performed and the values for peak systolic velocity, strain, and strain rate were averaged over a mean of 10 AE 4 consecutive cycles. A strain estimation length of 0.8e 1.2 mm was used depending on the thickness of the wall. The software allows M-mode tracking of the wall to ensure the sample volume stays in the middle of the myocardium. Timings of the beginning and ending of the ejection phase were obtained using the ECG and the velocity trace as previously demonstrated in humans. 3 
Repeatability and reproducibility
To assess the repeatability of the tissue Doppler parameters, echocardiography was repeated in 10 rats with an interval of 1 week and analyzed by the same observer (inter study variability).
Intra-and inter observer variability was assessed by analyzing the color-coded images from 10 consecutive exams by two independent observers and by the same observer with an interval of 2 months. The first observer was experienced in clinical and small animal echocardiography and in tissue Doppler analysis. The second observer was a medical doctor in training.
Statistical analysis
Data were averaged and presented as means AE SD.
Reproducibility was assessed as the mean difference between two measurements and presented as mean percent error AE SD (absolute difference/ average of both observations). Differences between the repeated measurements were evaluated by the paired Student's t-test. P < 0.05 was considered statistically significant.
Results
All rats survived the protocol and no heart rate abnormalities could be detected. The mean heart rate was 308 AE 19 beats per minute. Table 1 . As can be derived from Fig. 2 and from the M-Mode measurements wall thickening in the anterior wall was lower than in the inferior wall.
M-Mode parameters

Doppler myocardial imaging
Adequate regional systolic velocity, strain and strain rate curves could be obtained in 30 rats. In 3 rats the tracings were not good enough to measure peak values of strain and strain rate accurately. The nyquist limit ranged between 8 and 12 cm/s. The frame rate averaged 404 AE 82 frames per second. An example of a tracing of the anterior and inferior is given in Fig. 3 . Normal values for the anterior and inferior wall are given in Table 2 .
As all animals were about the same age and weight no significant correlation between these characteristics and the deformation parameters could be found (R 2 < 0.2). Reproducibility and repeatability for radial peak systolic velocity, strain and strain rate is given in Table 3 . We found a good reproducibility for all TDI measurements in the anterior and inferior wall (between 8 and 19%). In the anterior wall the repeatability was low for the velocity measurements (35%), but good for the deformation parameters.
The mean values AE SD of the repeated measurements are given in Table 4 . There was no significant difference between the mean values of the repeated measurements.
Discussion
This study illustrates the feasibility and reproducibility of Doppler myocardial imaging in the evaluation of LV function using high-resolution echocardiography in a large group of healthy rats. Reference values are given for radial systolic velocities, strain and strain rate of the anterior and inferior wall.
Standard measurements of LV wall thickness and systolic and diastolic LV diameters by Mmode have extensively been described in normal and diseased rat models. 9e12 The ratio data such as fractional shortening and ejection fraction have been demonstrated to be similar in rat and human echocardiography. 9 Comparable results were obtained in the present study by using high-resolution technology.
The use of M-Mode parameters for the evaluation of global LV function is limited because of their load dependency. Visual assessment of global and regional LV function is very subjective and gives rise to high inter and intra observer variability. In humans and large animals Doppler myocardial imaging can be used to analyze quantitatively regional LV function with good inter and intra observer variability. 1e5 In small animals the use of this technique is challenging because of the small heart size and fast heart rate and demands high spatial and high temporal resolution capacities. Therefore, in our experiment, a high frequency probe (up to 14 MHz) was used and high frame rate images (80 frames/heartbeat; temporal resolution 2.5 msec) were obtained. This frame rate is high enough to get reliable velocity and deformation traces.
1,2,13
Till now Doppler myocardial imaging in small animals has especially been used to assess mitral annulus and regional myocardial velocities. Radial myocardial velocities of the inferior (inferolateral) wall are likely to be similar in rodents when compared to adult echocardiography and range between 2.2 and 5.2 cm/s depending on the size of the animal and the location of the sample volume. 6, 11, 15, 17, 18 Radial anterior (anteroseptal) wall velocities are usually more difficult to measure and result in more artifacts in the velocity traces, which may partially be due to near field clutter. In the study by Sebag et al. radial anterior myocardial velocities were not published because of the large inter observer variability making the analysis unreliable. 6 As anterior wall velocities in small animals are close to zero it can be expected that the use of ''mean percent errors'' to assess variability will easily result in higher variability or repeatability values although the absolute errors are very small. In our study the repeatability for the anterior wall velocity was low but the inter and intra observer reproducibility of the velocity measurements was good and comparable to the results of the inferior wall. We are the first authors to demonstrate that measuring anterior wall velocities is feasible in small animals and this is a relevant issue as the spatial derivative of local velocities is used to measure the deformation parameters.
The use of strain and strain rate imaging has become more promising in the analysis of regional contractility as it eliminates motion artifacts of the wall. Only few data have been published about deformation imaging in rodents. 6, 7, 17, 18 Derumeaux et al. first published the use of velocity gradients in the diagnosis of pathological LV hypertrophy in a small group of rats. 17 Sebag et al. demonstrated recently that radial strain rate can be measured in mice with good inter and intra observer variability and validated the technique with sonomicrometry. 6 As invasive techniques were used in both studies, only a small group of normal animals (n 10) were assessed and the analysis was restricted to the radial function of the inferolateral wall.
Hirano et al. recently used deformation imaging in rats for serial assessment of radial deformation parameters in response to dobutamine. 7 In this first part of the study baseline values for peak systolic strain and strain rate of the inferolateral wall were 27 AE 12% and 7.6 AE 2.2/s, respectively. The inter and intra observer variability of the repeated measurements was low and ranged between 3.2 and 6.4%. As notified by the authors, the strain length used for the analysis was 2 mm, which is probably too large for the rat's myocardium. Using a strain length that is larger than the myocardium can result in an underestimation of the radial deformation parameters. This has nicely been demonstrated recently in an open-chest pig model: the higher the strain length the lower the absolute values of the deformation parameters. 5 This can be explained by the spatial gradient in strains through the thickness of the wall. Reducing the strain length on the other hand can lead to larger variations in measured strain because higher 5 In our study a strain length 0.8 to 1.2 mm was used for a diastolic wall thickness ranging between 1.6 and 2.3 mm. Using this strain length resulted in higher but probably more correct mean values for the deformation parameters (radial peak systolic strain and strain rate 49 AE 10% and 13.7 AE 3.7/s, respectively). As mentioned earlier this also explains the higher but more realistic variability of the repeated measurements (between 14 and 19%) when compared to those described by Hirano et al.
The second part of the study performed by Hirano et al. evaluates the spatial distribution of the deformation parameters in a partially ischemic anterior wall. 7 Because peak systolic strain values varied with different Doppler angles the corrected values were used as ratio of peak strain during ischemia to peak strain pre-ischemia. Reference values for the anterior wall measurements could therefore not be given and the reproducibility of the anterior wall parameters was not tested. We are the first authors to give reference values, with good reproducibility, for radial deformation parameters in the anterior wall in small animals.
The mean radial strain values obtained in our study are comparable to the mean values obtained in human echocardiography (anterior wall 41 AE 17% 19 ; inferior wall: 48 AE 12% 2 ). Due to the higher heart rate the mean radial values for strain rate are much higher in small animals compared to humans as the same amount of deformation has to be acquired in a much shorter period of time (anterior wall: 9.1 AE 2.0 versus 3.8 AE 0.6% 19 ; inferior wall: 13.7 AE 3.7 versus 3.1 AE 0.7/s 2 ). In our study the anterior wall velocity, strain and strain rate values are smaller when compared to the inferior wall. The same regional differences in deformation have already been demonstrated in large animals. 3, 4 This is in concurrence with the differences in wall thickening as measured by M-Mode and is probably a consequence of interdependency of the anteroseptal wall with the right ventricle.
Limitations
Our results are restricted to the analysis of radial LV function. Cardiac imaging of the left ventricle in rodents is limited to a few echocardiographic views: parasternal short-and long-axis view and apical 4-chamber view. For tissue Doppler analysis the anteroseptal and inferolateral mid segments, in short axis view, are the most easily to analyze. Although it is possible to obtain an apical 4-chamber view, good alignment with the beam is difficult and the lateral wall is rarely visualized. The quality of the longitudinal velocity and deformation traces that we experienced is poor and therefore we could not give data about the longitudinal function assessed by DMI.
The type of anesthesia used for animal protocols can influence heart rate and intrinsic myocardial contractility and result in lower regional deformation parameters. 8 Therefore reference values should always take into account the type of anesthesia used during the experiment. To avoid cardio-toxic effects of the anesthetic gas that we used, measurements were taken half an hour after the induction of the anesthesia.
Conclusion
This study determines the feasibility of measuring Doppler myocardial imaging parameters in the assessment of systolic LV function in adult male rats. We were able to establish reference values for radial velocity, strain and strain rate with good reproducibility and repeatability. Knowledge of these values permits more accurate quantification of echocardiographic data obtained in rat models with different cardiac disease such as heart failure models.
